Treatment-resistant hypertension
Thanks to this success, it appeared that antihypertensive management had reached its goals and no further developments would be required. Nevertheless, it has been recognized that a small, but significant portion of patients remains uncontrolled in spite of the many drugs available today. 4 The European Society of Cardiology together with the European Society of Hypertension, as well as their American counterparts have defined treatment-resistant hypertension as blood pressure values . 140/90 mmHg in spite of three antihypertensive drugs including a diuretic. 2 It has been estimated that between 3% and 5% of the patients would fall into this category. 5 As the event rates are staggeringly high in this patient population, additional treatment options are an unmet clinical need. 6 It has been argued that many of the patients with so-called treatment-resistant hypertension are in fact just non-compliant and that their blood pressure is controlled upon witnessed intake of the drugs. Indeed, some observational data indicate that non-adherence to drug treatment affects up to 50% of patients referred to a tertiary care centre. 7 Although this may be the case, such patients cannot be hospitalized for ever and thus may still have high event rates after discharge from hospital or exclusion from clinical trials. Furthermore, there is a group of patients with pseudo-resistant hypertension with elevated office blood pressures in spite of effective treatment, but a normal 24-h blood pressure profile. 8 This group of patients with what is also called white-coat hypertension may have a completely different risk profile from those with true treatment-resistant hypertension. The situation is even more complex as some patients present with normal office blood pressure but high 24-h or home blood pressure. This patient cohort is characterized by having an increased cardiovascular risk and being difficult to examine because of their low office blood pressure.
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The sympathetic nervous system and blood pressure
Blood pressure is regulated by many neurogenic and humoral systems, as well as by the functional and structural status of the microcirculation regulating peripheral vascular resistance ( Figure 1 ). 10 Early on it was recognized that the sympathetic nervous system is a crucial regulator of blood pressure under acute, but also chronic conditions. Indeed, in normotensive offspring of hypertensive parents, the reactivity of the sympathetic nerve traffic is increased under conditions of stress compared with offspring of normotensive parents. Sympathetic nerve activity is increased in almost all forms of hypertension when measured by muscle sympathetic nerve activity (MSNA). Furthermore, overall body norepinephrine spillover is markedly augmented in young hypertensives as compared with their normotensive counterparts. Thus, the sympathetic nervous system contributes importantly to long-term blood pressure regulation, and its activity seems to be increased early on in the hypertensive process.
Renal sympathetic nerves
In this context, it is of interest that sympathetic nerves importantly regulate renal perfusion and function, an organ crucially involved in
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long-term blood pressure control. Afferent and efferent renal nerves reach the kidney from the aorta along the renal artery where they are located in the adventitia of the blood vessel wall. They not only regulate vascular tone of afferent and efferent renal arterioles and sodium retention, but via beta-receptors also increase renin release from juxtaglomerular cells and in turn transform angiotensin I into its active metabolite angiotensin II and increase aldosterone secretion from the adrenal glands. All these events importantly regulate renal water and sodium balance, and in turn blood pressure. As far back as the 1950s, surgeons attempted to treat uncontrolled and so-called malignant hypertension with sympathectomy. Although the clinical success of this procedure was remarkable not only in terms of blood pressure reduction, but also as regards the reduction of total mortality (Figure 2 ), the morbidity of the procedure was too important to allow it to become common practice. With the advent of effective antihypertensive drugs, therefore, the procedure was abandoned.
Selective renal nerve ablation
Experimental data in mice, rats, pigs, and dogs confirmed the role of afferent and efferent sympathetic nerves to and from the kidney in the control of blood pressure. Thus, the idea was proposed to develop a novel form of sympathectomy selectively focused on nerves innervating the kidney and regulating renal perfusion as well as water and sodium balance. Thanks to the work of Murray D. Esler, it became clear that also in patients with high blood pressure, in particular in younger individuals, norepinephrine spillover from the kidneys was markedly increased (Figure 3 ). Although this dysfunction was also notable in elderly hypertensives, the difference to normotensive patients was less impressive with increasing age. Furthermore, experimental studies demonstrated that denervation of the kidney was associated with a marked reduction in their tissue norepinephrine content.
Radiofrequency ablation
Inspired by the success of radiofrequency ablation of rhythm disorders, a novel catheter was developed to destroy afferent and efferent nerves selectively using a minimally invasive catheter-based technique. With the Symplicity device developed by Ardian Inc. (Palo Alto, CA, USA) and later taken over by Medtronic, it has been shown that this procedure was effective in reducing renal norepinephrine content as well as renal spillover in experimental animals and humans, respectively. Furthermore, proof-of-concept studies confirmed that total and renal norepinephrine spillover, MSNA, and blood pressure markedly decreased after the procedure in patients with treatment-resistant hypertension.
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These preliminary experiences were then confirmed in a larger open-label registry (SYMPLICITY HTN-1); ( Figure 4 ) and later in many registries reporting on office and ambulatory blood pressure, 8 as well target organ damage such as diastolic dysfunction and left ventricular hypertrophy. Similar blood pressure results to those with the Symplicity Flex catheter were obtained in small patient series using the EnligHTN basket device (St. Jude, MN, USA) and with the Vessix V2 balloon (Boston Scientific, MN, USA).
The first randomized SYMPLICITY HTN-2 study in patients with treatment-resistant hypertension expanded, and confirmed a Figure 1 The sympathetic nervous system in the control of the cardiovascular system: sympathetic nerves innervate arteries and veins as well as the kidneys, adrenal gland, and other organs. 25 steady and important decrease of blood pressure of 30/10 mmHg up to 3 years ( Figure 4) . 12 These initial successes led to great enthusiasm in the interventional community to perform this procedure in difficult to control hypertensives, and a consensus statement of European experts was published in the European Heart Journal 13 and followed by position statements from different national and international societies. 14 To date it has been estimated that up to 8000 renal nerve ablations have already been performed with different catheter-based technologies. Recently, different energy source and treatment modalities, such as ultrasound and chemical denervation, have been developed, with similar initial results in a small patient series.
SYMPLICITY HTN-3
At the American College of Cardiology 2013 in Washington, DC, the results of the SYMPLICITY HTN-3 trial 15 were presented. 16 SYMPLI-CITY HTN-3 included patients with a systolic blood pressure ≥160 mmHg in spite of three antihypertensive drugs including a diuretic at maximally tolerated dosages. A total of 1441 patients were assessed for eligibility, whereof 535 patients (37%) from 88 sites in the USA were enrolled. After initial screening, patients were observed for 2 weeks and eventually randomized to renal nerve ablation using the Symplicity Flex catheter (Medtronic, MN, USA) or renal angiography only (sham control). Patients were unaware of Editorial their group allocation. Both groups remained on treatment regimens of three or more antihypertensive drugs, including a diuretic, at the highest tolerated doses. The primary efficacy endpoint was the difference in office systolic office blood pressure between the groups; the secondary endpoint was the change in ambulatory blood pressure. The primary safety endpoint was a composite of major adverse events, and renal artery or other vascular complications within 6 months after treatment. The primary safety endpoint was met; however, disappointingly, renal nerve ablation using the Symplicity Flex system did not reach the primary efficacy endpoint of reduction in office systolic blood pressure or the powered secondary efficacy endpoint of a decrease in average 24-h levels by ambulatory blood pressure monitoring (Figure 4) . Although both patient groups showed a statistically significant decrease of blood pressure at 6 months compared with baseline of 14.1 mmHg for renal denervation and 11.7 mmHg for the sham treatment group, the difference of -2.29 mmHg in office systolic blood pressure between the two arms was not significant (P ¼ 0.26). The results were similar for the change in 24-h systolic blood pressure, with a non-significant difference between the two arms of -1.96 mmHg (P ¼ 0.98).
Why did SYMPLICITY HTN-3 fail?
There are several possibilities why SYMPLICITY HTN-3 did not confirm the results of previous published registries and randomized trials.
(i) Renal nerve ablation using radiofrequency ablation may simply not work in humans, in contrast to animals. Indeed, this is the largest and most rigorous trial so far testing the effecttiveness of renal nerve ablation using the Symplicity Flex system in patients with treatment-resistant hypertension. The more pronounced blood pressure reduction observed in registries may be subject to the regression-to-the-mean phenomenon as well as other biases typical of observational registry data. Furthermore, SYMPLICITY HTN-2 was a much smaller randomized trial with 106 patients included. (ii) The statistical power of SYMPLICITY HTN-3 may not allow differences between usual medical care and radiofrequency ablation to be seen, as the sample size calculation was based on previous studies with a potentially overestimated treatment effect. This appears to be unlikely as the trial recruited . 500 patients with severe hypertension and represents the largest trial so far. However, when compared with hypertension drug trials, where several thousand patients are usually investigated, SYMPLICITY HTN-3 is a small study. On the other hand, the patients enrolled in the trial had truly severe hypertension and baseline blood pressure values of 180 mmHg systolic in spite of five antihypertensive drugs, a population in which the effects of radiofrequency ablation have been so far most notable. (iii) The procedure may not have been performed effectively. It is notable that the 535 patients were recruited in 88 centres. Overall, 364 renal denervation procedures were performed by 111 operators. Thus, on average, operators performed around three procedures in the trial without previous experience, some even less. As the procedure is not approved in the USA and no roll-in phase was introduced, one has to assume that the learning curve of the operators fell within the period of the trial. Although renal nerve ablation is generally recognized as a technically relatively easy procedure for experienced interventionalists, it still has a learning curve that may have affected the results, especially using first-generation monoelectrode systems. This is especially important as there is still no test available allowing assessment of proper wall contact and effective destruction of renal nerves during or after the procedure.
17
(iv) Antihypertensive drugs may have been maximized, but the patients may not have been stabilized appropriately before randomization. This is of note, as per protocol no changes in antihypertensive medications were allowed in the 2 weeks before randomization. For the next 2 weeks, patients had to record their blood pressure at home in the morning and evening and keep a diary ensuring their adherence to medical therapy. Then a confirmatory screening visit was scheduled ensuring that they met the blood pressure criteria for inclusion. It is known from many studies that it may take up to 8 weeks after introducing new antihypertensive drugs or after changing their dosages to reach their maximal effect. Thus, it is possible that in SYMPLICITY HTN-3 patients were not truly stabilized, although they were on the maximum tolerated dose. Indeed, the marked blood pressure drop in the sham controls supports this interpretation. Furthermore, 40% of the patients were taking direct-acting vasodilators, drugs known to reduce blood pressure effectively. However, they are also prone to serious side effects, such as tachycardia, pericardial effusion, oedema, and hirsutism, associated with low adherence rates. It is of note that the percentage of patients on vasodilators in SYMPLICITY HTN-3 was twice as high as in previous studies. 16, 18 Interestingly, treatment with a direct vasodilatator is a predictor of non-response to renal denervation. Statistically, the neutral SYMPLICITY HTN-3 results could thus be related to high variability in adherence and consequently in office and ambulatory blood pressure readings during follow-up, introducing a significant amount of 'noise' that may have masked any true antihypertensive signal of the procedure. It is therefore important to continue to monitor the blood pressure differences between the groups during long-term follow-up.
Finally, it appears difficult to demonstrate any significant incremental blood pressure-lowering effect of any intervention in patients already on more than five antihypertensive drugs. Thus, in the future, it may be important to test the effects of renal nerve ablation on blood pressure in patients with values . 140 mmHg systolic in spite of three antihypertensive drugs including a diuretic, leaving room for the investigation of a potential additional antihypertensive effect. (v) The patient population may differ from Caucasians recruited in previous trials, mainly performed in centres of excellence in Europe and Australia. Indeed, patients with hypertension are heterogeneous as regards their pathophysiology. It is of note that low renin hypertension, commonly seen in Afro-Americans, typically does not respond well to ACE inhibitors and beta-blockers, while diuretics and vasodilators are particularly effective. 19 In the SYM-respond better to sham than to renal denervation. Due to the overall evidence, such treatment modalities still remain heavily used.
The future of renal nerve ablation
So far, renal nerve ablation has been investigated in patients with resistant hypertension, a condition characterized by high cardiovascular morbidity and mortality. Undoubtedly, renal denervation increased the awareness of uncontrolled hypertension and stimulated the scientific community to investigate further this high-risk patient population and to develop novel strategies for this condition. The SYMPLICITY HTN-3 trial provides a valuable opportunity to reconsider the evidence of this novel technique. Pre-clinical data are urgently needed to better understand the physiology and anatomy of the renal sympathetic nervous system and to characterize the effectiveness of the different catheter-based renal denervation systems including histopathological analyses. Most importantly, it would be essential to develop reliable and practical tools to determine the degree of renal nerve ablation after the procedure. This would allow identification of treatment failures and ensure successful renal nerve ablation. Indeed, until reliable techniques to assess successful renal nerve ablation become available, the interpretation of any, and especially neutral clinical trials will remain uncertain. Once it is confirmed that current available or future devices consistently modulate sympathetic nervous system activity in humans and the above-mentioned device-related questions have been adequately addressed, renal nerve ablation might be particularly beneficial in conditions with high sympathetic activity, such as heart failure with impaired or preserved left ventricular ejection fraction and arrhythmias.
Innovative and refined clinical trials should be conducted to investigate further the potential of renal nerve ablation in distinct hypertension populations. Thoroughly designed clinical trials could offer the opportunity to test the hypothesis that increased sympathetic activity maintains blood pressure in some, but not other, patient populations.
Finally, randomized, controlled trials investigating the impact of decreasing sympathetic tone by renal nerve ablation on clinical outcomes will eventually remain the gold standard to determine the ultimate role of any new treatment option. Indeed, both the LIFE trial 22 and the ASCOTT trial 23 in hypertensive patients suggest that clinical outcome may differ depending on which blood pressure-regulating mechanism is blocked. It is of note that renal nerve ablation may be metabolically advantageous as in hypertensives it also improves insulin resistance. 24 Thus, for now, more questions than definite answers remain after the publication of SYMPLICITY HTN-3 in the still very young field of catheter-based renal denervation, and obviously much more scientifically sound evidence is needed before any definite conclusion can be drawn.
